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ABSTRACT 


Wavelength resolved Brillouin backscattering of CO, laser 


2 


radiation from underdense hydrogen and helium plasma with 
varying Es ratios has been observed. The measured shift 

of the backscattered radiation confirms ion-acoustic waves 
asyneane responsible for Jsuch backscattering: “comparison of 
shifts in hydrogen and helium plasmas also shows the Vin; mass 
dependence expected from the Brillouin backscattering component. 
The experimental maximum growth rate was found to be 5e93%105 
see © which agrees with the theoretical value evaluated from 
Tsytovich's random phase wave scattering theory. Temporal 
Characteristics of thembackscattered Sienalyy reflectivity 10. 
the incident radiation, and pressure dependence are discussed. 
Experimental plasma and laser parameters also satisfied the 


threshold and» erowth rate conditions predvcted by the coherent 


wave concept. 
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CHAPTER I 


INTRODUCTION 

Lies conceprvol usineea niche intensity, co, laser beam 
to heat a plasma to thermonuclear temperature inside an 
initially uniform solenoid magnetic field was suggested by 
Dawson, Hertzberg and eaten Since then, —investications 
related to this concept have been concerned with problems 
GE tn Lttaleseneration, oLea plasma column which could provide 
a Suitable density Dror ey for Selit-Locusinug and hence trappine 
of the laser beam over long paths. This requires a density 
minimum on axis and radial confinement of the laser heated 
plasma by magnetic fields in the several hundred kilogauss 
range. ine addition. to, normal collisional neatinge. consider— 
able interest has been shown in the study of nonlinear laser 
Dplasmiaminreractton which couldMerthber enhance Neating or 
alternatively lead to stimulated backscattering of the 
incident Laser sadiataon- 

Over the past few years, theory ~~ and experiment : 
have been pursued to investigate nonlinear absorption via 
pabametric instabilities which may lead to heating of 
laboratory plasmas.. ere unlike the absorptive parametric 
instabilities which appeared to be just what was needed for 
PISTON westiMM aved SeaAltLering docs. relatively, little plasma 
heating, sin particular, Stimulated Brillouin backscattering 


occurs when an incident electromagnetic wave above a certain 


Dower level is transformed via nonlinear interaction with 
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plasma into a backscattered electromagnetic wave and an ion- 
acoustic wave. Since this process can take place in under- 
dense plasma, it may lead to enhanced reflection of the 
incident laser beam in both the laser pellet compression 

and laser heated solenoid approaches to fusion, preventing 
eifieient heating of the palate noes Hence the study of 
stimulated backscattering may answer some questions which 


arise in laser-pellet aeons and laser-heated solenoids. 


eek Review of Some Work Done on Stimulated Brillouin 


Backscattering 
(1S es theoreeiecad. 

Perkins and mae - have discussed the decay of an 
electromagnetic wave into other waves in a plasma. It was 
pointed out that plasma inhomogeneities could also stabilize 
parametric instabilities by destroying the matching conditions 
between wavenumbers and frequencies. 

Fo.lowine Peni ss, Ros enodene gave the threshold conditions 
ofPany decay—-type parametric instability Cineluding Brillouin 
backscattering) in an Canoneeeneens dissipationless unbounded 
plasma, According to his results, only sSpatval ampletication 
could occur in inhomogeneous plasma, so that the threshold 
depended Oneboth anhomogeneity and the size ot the unstable 
region. 

ineline with the above discussion, Rosenbiuth et sate 


showed the frequency shift of the Lon-acoustic wave ‘was 


mainly caused by inhomogeneous Doppler effect when the 
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plasma corona expanded with Supersonic blowoff velocity. 
This could be more important than the electron temperature 
inhomogeneity. Also the MetLectivity, of othe plasma and 
hence the growth rate was shown directly proportional to 
Liew mtens ity ice tne incoming wave. 

Subsequently the Los Alamos group presented both 
analytic theory and inhomogeneous plasma computer-simulations-¢ 
to show the nonlinear development of the Brillouin back- 
Scattering instability. Using a one-dimensional model, 
they verified Rosenbluth's threshold and predicted back-— 
Scattering of the order of the incident laser enerey.. Witn 
Provision that particle trapping and heating effects could 
significantly reduce backscattering. 

Shortly afterwards, Liu and Rosenbiit ne. analysed the 
growth rate and phase shift of the ion—acoustic wave and 
concluded they were dependent on temperature, density and 
velocity gradient of the plasma. They claimed the depletion 
of pump energy undoubtedly limited the penetration depth 
of the laser into the plasma. At the same time, Pesme et 
cane gave the linstabilaity condition of (stimubated «Brillouin 
backscattering taking all possible cases of damping, bounded- 
ness and inhomogeneity into account. 

babe, snuk la, Yuet Ae! published a paper on the 
threshold and growth rate of the ion-acoustic wave in 
Brillouin backscattering in magnetized plasmas for circularly 
polarized electromagnetic waves. They found the growth rate 


increased with the magnetic field for a right-hand polarized 
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pump wave. 


(2) Experimental 

Recently, stamulated Brillouin backscattering has been 
observed in Feet pero mente. uSing a neodymium glass laser 
With peak intensity of esx t0-- MACS Cia and 120 psec (FWHM) 
Pulse width, focussed on) spherical. tarcets Of 11thl um 
deutperide. “lt was teported that the reflectivity oo: tue 
plasma increased with Anecident o2ntensity but Saturated ate a 
Vaile mot 104. 

At UCLA, there were reports of low level backscattering 
PEON savditiuse pinch im helium and aout The spectral 
shift measured using a Fabry-Perot interferometer was found 
in agreement with the ion-acoustic frequency shift based on 
an estimated plasma temperature. Thus stimulated Brillouin 
backscattering was indicated. Their results were poorly 
reproducible and they had a 0.1 to 1.5 usec delay between 
backscattered signal and peak laser power. Their results 
perhaps require additional interpretation because the 
incident power to the plasma at this delay time was only 52 
of the peak power of 0.4 GW. 

ineaddibtton, tne University, of Washingloneye Loup 
measured a Brillouin backscattered signal from their under- 
dense magnetically confined plasma with a 300 nsec delay. At 
that time the incident power was about one half of their 
E-beam sustained co. laser peak power giving a focussed 
intensity on the order of Ayia qoretoaiene They indicated 


agupeakererlectivity of about 0-2 to 0.57% fromthe plasma: 
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ihese experiments are still in progress stimulated 
Bri blowin backscattering will occupy the attention of boEn 
ENGOtLStS send experimnentalistis for some lime anti. tne 


physics is better understood. 
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Despitertherekfore mentioned above, stLlLie® littlesis 
known about stimulated Brillouin backscattering in under- 
dense plasma. Experimentally one would desire more informat-— 
ZOnvabout the tollowine:) (i) the time Structure of the back— 
scattered light, (ii) the spatial and: temporal evolution of 
plasma during backscattering, (iii) the red-shift spectrum 
for different ion masses, (Civ) the variation in spectra for 
Rion: electron temperature to ion temperature ratio 
(f_/T,) in the ypresence of a plasma contining ante field, 
(v) the reflectivity dependence on incident power, and 
(vi) the effect of plasma density (hence the backfilling 
pressure of the gas before plasma is created) on backscattering. 

The work ceported inv this thesis deals with tie 
nonlinear interaction Of enrich win tensuty co, laser beam 
(> nO Reyer with hydrogen and helium underdense plasma. 
imeparticularn, detailed observations of (stimulated Briitileuin 
backscattering were undertaken. 

Im Ghapter il, details of backscattering including 
tiGesiwold.eascrOwtle bate sand wave interaction related to this 
experiment will be discussed. 


iii iva pie cat bees nie experimental apparatus and set up 
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Willi pe described. Tbiswaneludes thevhioh intensity baser, 
underdense plasma generation, red-shift spectral measurement, 
laser beam attenuation, magnetic field generation, optical 
artangement and the timing sequence as well “as syncnrontzation. 

Baperamental results are described im Chapter LV =iie: 
exponential dependence of backscattered signal on incident 
laser power, pulse shape of signal and its dependence on 
backfiiling gas pressure, streak photos of plasma column 
eeneration, results with and without magnetic fileld, retlect— 
ivity and ion mass dependence will all be presented. 

A general discussion of these experimental results is 
given in Chapter V. “the: resotved rTred-shite spectrum contirms 
the ion-acoustic waves as responsible for the scattering. 

The qualitative difference in spectra with and without B 
fie bd wil pew discussed. | finally, results) of this experiment 


are compared with those previously reported by other groups. 


yy 
s a 


. 
: 
tes bage’ yiie! 


shgagpracre40¥e 


i¥VT va" 

H oT >] 

7 0 7 
iteerl } 


Coins tl ins tt aon A 
sseoalbedstentias asi aN aie on ea 


’ avza om i Vee | 
Sa. 


‘eng 


« 


7 - 
aa ‘gphitart ns si ial, som he pant fess 


‘Foe te suet Gewese 


: ee ha a. 


: P » i ats Gapa inane 
a i y Bi ? 
_ 
re } ts ' > be Tee er) 2 © 
_-. 
re tineanaa 
? 1 , oo 6 7 i TA 0 ne {aD 0 ine i 


Le. 
oa! , favey aaa 
if aetea 


a 
asso he 
* 


CoAr Tit RL 


THEORY 


During the past few years, parametric instabilities and 
backscattering have been actively studied and theoretical 
predictions abound. The profusion of theories make it very 
hard for "an experimentalist to gain an intuitive grasp of 

° - . . we * ° 
the important physical mechanisms involved. Notwithstanding 
alisthexdtiricultetheortes, fonesecaneser ll efinds two basic 
approaches which complement each other; one using a coherent 
wave concept and the other assuming a random phase wave 

3 : : : eee 
picture. The wave concept derived by Nishikawa ~, Lashmore - 

ae 2 24 

Davtes » Galeev etc. used the coupled mode approach and 
ponderomotive force to explain parametic phenomena. In the 
following sections, only basic background concepts and 
conclusions relevant to this experiment will be quoted. One 
Dotnt worth noting here 1S that pin an sexperiment (Ob stivis sor 
plasma turbulence is unavoidable. Added to this problem is 
the uncertainty of coherence and randomness of the back- 
scattered slibeht. Lhe best -one) can (do ss to p-analysie pone 
results and determine whether they are consistent with the 
theories developed under the coherent wave theory and/or 


the random phase quantized theory. 


Pao k Coherent Wave Concept 


(ly "Nonlinear Scattering and Interaction Mechanisms 


Nonlinear effects can be understood relatively straight— 
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forwardly from a physical viewpoint. In the absence of an 
external field, only particle thermal motion can give rise 
to charge separation. The self-consistent internal field 
given by Poisson's equation can be analyzed as non-radiating 
wave-like phenomena, 

Whenwan externalviieldsof sufficiently hich amplitude 
LsSwpresent, snoweversenontdineareeitiects canearise) tazoucn : 
(i) induced inhomogeneous polarization effects created by 
Pnem@iLeldPactine son plasma chargeswandme(1i) the Lorentz 

: : Vv eE See , 
force’ termewhich is of order GF where Nica thus giving rise 
vi, 
Lo@im Germs). 
These mechanisms generate the interesting nonlinearities 


for absorption and Scattering. 


C2)> es sctinulated! brillouinespackscattering 

In parametric instabilities, when an intense electro- 
magnetic field exceeding some threshold is focussed into a 
plasma it can cause the growth of other waves out of the 
packeround thermal noise. | these waves ¢rowsat) the expense 
of the driving electromagnetic wave which is usually referred 
towas the: ipump wave. In the case of stimulated Brillouin 
backscattering, 10. is ithe decay of a transverse wave into 


another transverse wave and an iton=-acoustic wave. 


Gi ees Llon-acoustic, wave 
Themlaser suradtatiton Induces: Strong) particle motion. 
Electrons are pulled along with ions and tend to shield out 


Clecuruecnticlds. arising from the bunching of Gions (However, 
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this shielding is not perfect due to electron thermal motion. 
ihe Lons J£orm reglons of “compression sanderarefaction, just 

as in ordinary sound waves. The compressed regions tend to 
expand =auto Lies warvetactious for two reasons: fics tathe 

ion thermal motions spread out the ions and second, the ion 
bunches are positively charged and tend to disperse because 


Oiatreunepe Lhingeelecertcenvelda. I iis epaelq ase Lar e aby 


sitelded) out by electrons: and “so only a Small fraction proport— 


Lona) to XT, (where x = Boltzmann's constant and oe = olLecuLoy 


temperature) is available to act on the ion bunches. These 
d : ; 25 
two effects can account for the dispersion relation Lox 


ion acoustic wave which is approximately given by 


gee a peel L 

k; = sg = m; 
where 

Fae ion acoustic frequency 

k = ion wave number 

View =—etiatLomot specritcaheats 
subscript 1 |= fon 

e, =felect ron 


The electrons move rapidly relative to ‘the wave and “there— 
fore nave time te equalize their temperature everywhere. 

Thus they are isothermal and gales in Motion. cie. 100s e0ver— 
Shoots because Of their heavier mass and hence their inertia; 
therefore compressions and rarefactions are regenerated to 


bore tthe w“on—acoustic wave. 
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For electron temperature T. much higher than ion 


temperature T | > the dispersion equation reduces to 


(1) 


Since motion of massive ions is involved, low-frequency 


Oscillations result. 


(Hi) Backscatterine and Lon Contribution 


The ion-acoustic waves subsequently interact with the 
pump laser to give another transverse wave propagating in 


an opposite direction to the incoming laser beam. The 


plasma acts as a mixer for the incident laser of frequency 


Wo» wave vector ko and the ion-acoustic wave of frequency 


ws and k- Fie. |) shows the dispersion relation of stimulated 


Brillouin backscattering with Wo being the backscattered 


transverse wave. Since both Wo and W, can be much larger 


than Ww ., such backsicatteringe, can occur in underdense plasma.) - 
P 


Lierstacching conditions Lor. Ww tse then Wy =W; FW - 
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Fig 1. wW vs k Dispersion Pale aeer. 


Vector Wavenumber Relations 
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In Fig. 2(a), although the acoustic wave vector is compar- 
apple vine nasri tude, to ko and ky > the acoustic frequency as 

Very gone Ul compared to the lieht Ereqnuency.. Theretore the 
wave Vector triangle can. be considered as isosceles, with 

oleae hele hence 


Jk,| = 2|klsin> . 


The maximum acoustic frequency that can be involved in 
DobULoOuUin Scattering Ase obtained from backward scattered 


Prehthe in C.).0=1.emioLnce Kee is inwthe opposite diczectionso. 
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therefore 


es 2s (2) 


note that from (1) 


(35) 
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The Vlasov and Poisson equations are solved with the external 


field as a driving force assuming the unperturbed velocity 
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‘ : 28 
acting on the particles can be expressed as 


Gistrabputions are Maxwellian 
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bDemevecteLlonwoOrnglOn, sta cethe veloc tyerdtstcipucLone Oust ae 
partwele and ore is the plasma frequency of the particle. 
The power dissipated by the incoming pump wave in the 
plasma is found by computing the work done by the electro- 
magnetic wave on the electrons and ions in the plasma over 


a period of 217/w giving 


e oa i 
Reo + Reo ). 
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In the case when no external pump wave is applied, 
resonance occurs when lte te, =0. In the presence of a high 
intensity pump Wave, energy, can be ‘coupled tov excite one of 
ae natural wave modes in the plasma provided matching condition 
on k and W are satisfied. ine cides! GaSe Ut elSe chess on— 
acoustic mode whiecn is > of most interest. Resionance occurs 
when tener oe Chaves ita lt eter Cd Gens Ceti Gila bara Cat teres 
Ofewaves is!’ caused by poth electrons and tons, however, fox 
Brillouin scattering the ion contribution dominates. Thus 
pieusecond terme in equation (4) will contribute most to tne 


Beelvouimepackscattening. 
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(iii) Threshold and Growth Rate. 

Parametric instabilities can occur at any amplitude if 
there is no damping, but in practice even a small amount of 
either collisional or Landau damping will prevent the growth 
unless the pump wave is sufficiently strong. Therefore there 
exists a threshold condition beyond which the stimulated 
Brillouin backscattering can take place. Since the plasma 
related to this experiment is homogeneous with a column of 
0.44 cm long, the threshold and growth rate for homogeneous 
plasma and for finite homogeneous plasma will be examined. 
Such conditions were summarized by Chen and:in reference 21. 


For homogeneous plasma, the threshold is 


(28,2 Geet GS 
Vv = ETA) 
e 0 
P ; eE 
when Ven = equiver veloceny (ot theme leceron, = 
0 mW 9 
E = incoming laser field amplitude . 
Ww. = laser frequency 
m = mass of electron 
xT. 
va thermal velocity of electron = = 
vee =—2On-eLlectron coi1lision (irate 
Ya = damping rate of ion wave . 


Significant growth of the backscattered signal requires a 
large number of e-foldings to be detectable. In homogeneous 


plasma, the growth rate Yo is approximately given by 
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Ins teality, It ene interaction reeion has limited =sizesesther 
DeCcause Of iinwte plasma column length £ or depth ef focus 
Of thes laser beam, a moditied threshold ‘condgati0n to give 
debectablevstimulated Briliouin backscattering r resules: 
(a) Weakly damped case 

Fig. 3 shows the spatial variation of wave intensities 
jigea tonite interaction region.) ka is the pump waves k. is 
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BNE LOn—acousticiwave erowing from thermal noises and k, ccs 


the backscattered electromagnetic wave growing 
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, Pinwteewinteraceton nes Lon 


essentially st rOnezer Omampild. Ludes ss themPrOouLhe or each. wave 


depends on ther anplitude of the other one when it-exits [rom 


the region. Hence in length £: the backscattered EM wave 
te 
ecows exponentially ——— times; the iton=acoustiejwave grows 
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exponentially Pines. sin which) cand c, are phase velocity 
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other, the overall e-folding depends upon the Produce oF 


the two giving: 


To achieve substantial growth, the e-folding has to be much 


greater than l 


Sea Se (7) 


Relation (7) will be true so long as the growth rate is 
greater than the geometric mean of the damping rates, 


ise. 


Neh NG 
ks 

eo £5) (2) 

20 


Pesme et sabe" showed when 1S, is not small, (7) is valid 


when 
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ie eae Me 


a ae = 2 
MA 


or 
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Cc : 
aye ies in this case (9) 


where Yr and rs are linear damping rates of the two waves. 
Thus when Yo is bounded by oie: no absolute instability 
occurs and there will not be growth without limit. 

(b) Intermediate damping case 


For reasonable terials ratios, ion Landau damping is non- 


negligible. The ion wave will then lose energy through 
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damping more rapidly than by convection out of the growth 
region. With the plasma column £, the ion-wave exponentiates 
Yot/ec, times while being damped y,t/e, times resulting in 


an -exponentiationwort Teo ie’ Meanwhile, the backscattered 


bora é 


EM wave e-folds times, and the overall e-folding is 


yt peta 
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Yo 4 
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is the condition for large e-folding. 


Jee vandomeriases Dheory. 
GI)ey Briet Deseription of Basic Ideas 

The wave packet shown in Fig. 4 represents a set of 
superimposed plane monochromatic waves possessing a restricted 
range of wavenumbers k and hence, finite range of w(k). 
it has a mean value Kg> with a spread 6k about this mean 


Ko} 


and similariy a spread 6w where dk<<Kp and SW<<WQ- 


Fig. 4 Wave Packet of Mean Value Wavenumber Ko 
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the field {of the packet is represented by 


ae | A, Qiw(k)ttiker ak 


where A, Ls-pthe’ compless amplitude of the packet with a 


maximum at k=k Hence ae et ?k 


a where Dh is the phase 


0° 
of the Fourier component. 

When the phases of the interacting waves can be considered 
random, either because of a broad frequency spectrum or 
Fong unteraction time: such that @=Awt>>1,. 1t as essential to 
modify the coupled equations governing exchange of energy 
between modes. ine such a@nease silt 2seuserul tordquanteze tne 


fields since only mean Square amplitudes are important, i.e. 


pump intensity 


ee fla, Ian : 


2 
This theoretical approach has been given by Tsytovich z and 


: Chad ent 
uSing this quantised approach, i.e. NL ~lE| , Utes eNeces sax y, 


that energy and momentum of quanta be conserved, i.e. 


momentum conservation nko Nike eink 


i Z 


0 hw, thw, - 


energy conservation hw 


Thus for random phase waves, the finite bandwidth permits 
coupling over a range of wavenumbers and frequencies where 
the intensity per unit wavenumber is the important driving 
term. Growth will be greatest Lor Ko but possible srores. lent 


mismatch in frequency and wavenumber. 
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(2) Growth rate 
Introducing the number density of photons in the wave 
‘ Roe (lho ae : 
packet as Ny» [sytovich “ives “an “expressions ior theerate 
of scattering of photons from wavenumber k* into wavenumber 


KD yeparedl Chea as 


Taare 
N, dt Uy (11) 
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(12) 


Cae : A és 3 5 : 
Wheres: iS nLue VeLOCiuy diAcstraput Lon functeLon Of parteLelLesa. 
Weis@the probability of Stranster of vone particular mode 
into another; 


N is the photon number density in k' space. 


k' 
(3) Present Case 

The growth rate of the backscattered transverse wave in 
general is determined by both ions and electrons. From 
eee hee ther probabilities of tt-scattering by plasma 


electrons and ions are respectively: 
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Tsytovich has also shown induced scattering by ions, if 
allowed by conservation laws, usually exceeds scattering by 
electrons when |k-k)|A)<<1 Or, - DeDpyeu lengli mA LsOmL ne 


small Aw shows ions contribute most (Equation (1)). There- 


fore the growth rate reduces to 


_ f dvdk' n(k-k') g¢? 
et fore 3) ai ao 
(27) BL _ 


Wy S[Au-Ak-vIN, | (14) 
The analytic and numerical integration of this equation for 
the present experimental conditions will be deferred to 
Chapter IV, where the results will be discussed both theoret- 
ically and experimentally. It can be seen from equation (14) 
that) yovaries linearly with Antensity of Vthe wncoming beam 
and plasma particle density. Integration of (11) gives the 


growth of the backscattered wave 


y(1,n)= 
Noe =e (14a) 


where £ is the interaction length. 
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2.3 Dispersion Relation 


Prom vefterences #(25)) and (31), 18 the electron welocity. 
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where Mh is the phase velocity of the ion-acoustic wave. 


Forsdec. 
2 
" 2 ak eS 
= oe Bea 
Vv 
uy) 
> 2 av," 
= kc. ne ohe GS) 


also when Viiv is small, the second order approximation is 


$ 


sufficiently accurate to calculate the sound speed; equation 
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and v, is determined experimentally from v, = wk, 5 
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APPARATUS AND EXPERIMENTAL DETAILS 


Srel: The IGW Laser 


In most of the recent reports on laser-plasma inter- 

action experiments of the same nature, focussed laser inten- 

ree 10 2 : 
Sities were greater than 10 watts/cm . The laser used in 
this experiment was designed and constructed at the University 

BZ ae . ; 

OLA LD e reas It is a high power transversely excited 
atNOspneti c(t aAv ICOM Lassen and ism V. pretonized wa. this 


2 
type Ob Waser wes first reported in MOPS 


(1) Laser Cavity -— Mechanical 

im they3 meter long Laser oscillator cavity, there are 
Swdischarcvesmoduwles (hie... 5) ,.each havingean identical 
SLecLrModer Cont cubabroOn and elCehimie@al sexCULabi1On Cured try. 
The electrodes used in each module are modified Rogowski- 
profiled graphite anode and aluminum cathode 50 cm long by 
3.7 cm wide. The separation between the electrodes is 3.7 
EMTS ChOWNMi Molt oe ONE Te LOnLZaAL Lon Ls, provided Dy Vans tune 
Or eLvettiwo/0 pr ycapacttors anuaehed -vrihestainless steel 
pointed electrodes placed at 6%cm intervals along each, Side 
Of and electracally connected an parallel with the main 
electrodes. The  wasen cavity i2S5 equipped with a flat cold 


mirror on one end and a flat NaCl etalon on the other. 


@)eeLaser DTrisgering and Excitation Cireuitry 


(see Fig. 5) 
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TO ANOTHER MODULE OF 
IDENTICAL CONFIGURATION 


TRIGGER 


Pa.) 6 Laser Discharge Modules Confi 


f 
(te) 
G 
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ieb) 
ct 
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— Fe 100 nsec 


oe Typical Laser Signal 


(S0eebetetelescription of Operation 

While the physics of the co, Laser WLEN a mi sture of 
CO, He and No> has been well established in the past esse, IY 
the use of bright are discharges as preionizers for pulsed 
co, lasers was first reported in res er However, 
the first confirmation of the production of volumetric 
photo-ionization by the radiation from auxiliary are dis-— 
charges in a co. Paserpaiscnarvemdldasnrotecome wine i) 1979. f 
the following, the sequence of events leading to photo- 
LOnization ot thesgas in the Laser cavity in this system 
will be briefly described. Sequence of erence 
(i) When a system trigger is applied to the E.G.&G. 
S0RKVEDULSeT:. (Spark capmioGienk seal reds GhiLGe, 3) lhnes. per 


Mics chanced) capacitors, ©. .G, and C. to provide simul- 


ae? 

taneous high voltage pulses for triggering the main spark gaps 
SG2, SG3 and SG4 of the laser discharge system. 

(ii) Each of these spark gaps initiates discharge of two 
modules connected in parallel. The storage capacitors are 
enereized by the +60 KY supply. “SG5 is -seli-trigesered sand 
EVessturnineg sof) O/0epe capacrters "enercate hiphwcurrentaaccs 
ane seo sehewmainedischarce sdwe COesnonbersiltene leccrode 
distance. 

(44a yHieh eurrent density ares are produced by the multiple 
electrodes. The gas inside the active volume is partially 
ionized and the onset of this photo-ionization Oreaeen aes 


rapidly enough that it extends across the Whowe) active ne-— 


gion before the main discharge occurs and Pasertaction 
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takes place. 


(4) Summarized Characteristics of this Laser 


Calculated or Measured Numbers 


Number of Discharge 
Modules 


Active Cross-section- a LCM) CMa en. OF eae 


al Area 


Total Active Volume 


(sor xX o0) XO. =e aL latres 


Optical Resonator 
Length 


SemMeterss 


Optics. (Mirvor -& 
Window) 


Shee ioe Sine, eo Bie Bee 


Divergence Zo npliaradians 


302 
30% 
40% 


Gas Composition at 
Normal Run 


Operating voltage 50 KV 


Energy Storage Oe eto Een 0 ser 


Capacitors 


1500 Joules 


Total Input Energy 


Maximum Output Energy i253) Joutes 


a 


Maximum Output Power GW 


8% 


Conversion EiLtiesency 


200 nsec 


Laser Curcent Pulse 


baser Output Pulse Initial Pulse = 40 msea,, 22CW peak 


Duration and Power 


(teigial = 1 usec, 200 MW peak 
Craigs 97) 


PRaijy ike ile Characteristics of the Laser 
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Doecher present eexperiment .. a.92 cm) focal Yeneth lens was 


used which gave peak focussed intensities of = Mee matts/em= 


DteCene tal se Script. on 
(CL) SSetup 

A schematic diagram of the experimental arrangement is 
S Ow Nued tire pc! Considerable care in optical alignment 
had to ibesexercised due’ to thevcomplexity of optics, involved. 
This alignment was achieved by using a 2 mW He-Ne laser 
(not shown in figure) along with a chopped CW co, laser 
(< 5W) to simulate the pulsed laser beam. In this way, 
the optical system including monochromator, Fabry-Perot 
interferometer and detectors could be carefully aligned. 
A CO, spectrum analyser was positioned to monitor the P20 


2 


wbatlsat One O.. . te, CW CO, laser during alignments. 

An "attenuation cell was employed to control incident 
DOWereLOmwene plasma cells Gihe front section. to whichethe 
52 cm-focal-length lens was attached was evacuated to less 
than eLlO0  miccvonss tos prevents cage Dreakdown Dy Che Lense re— 
flected and back-focussed laser beam. A 20° angled window 
was used to eliminate back reflection of the main beam and 
He peanmcp ltteer eto maciilitale coupling Of. backscattered 
signal to the monochromator and remaining optical system. 

The purpose and description of various parts of the 


arrangement will be given in the following sections before 


the plasma diagnostic techniques are described. 
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Boo ue Lasma Generation 

MMeSp tastasce ll iS sshownesin hie. 9 ewtthethemcolenoid 
removed. The ee OL a54.o mm diameter Aris at) the tocal: 
POdnEs tO permiteditierentiat, pumping was eritical to the 
underdense plasma generation. To understand why, the 


following phenomena during gas breakdown will be reviewed. 


(1) Background Concept 

The occurrence of an opaque backward going breakdown 
wavefront to an incident co, laser during laser-supported 
detonation of underdense hydrogen was first observed by 
Burnett and Oia Oo! They observed that when a 
laser beam was focussed into gas with a filling pressure 
low enough (< 20 Torr) such that when fully ionized electron 
densities were below cutoff, a breakdown heating front pro- 
pagated in both directions from the focal spot at near 
equal velocities. However, they found that if the laser 
intensity at the backward going front (opposite to incoming 
Maser) decereaseds tova values LO wattelen”, Lie coudd ene 
longer heat the backward wavefront region transparent enough 
to deliver energy to the forward going wavefront region to 
Sustain plasma generation. To eliminate this backward wave 


Oe was placed at the 


in the present set-up, an orifice 
focal point to permit differential pumping of the gas in 


the focal cone region and hence reduce laser absorption. 


C2) .elras Function 


To reduce the backward going wavefront absorption in 
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nepiony il (Pag. eo). thevsas in this) recioen was pumped into 
the vacuum tank due to the existing pressure gradient when 
the electromagnetic valve was opened. The valve was pulse 
activated (Appendix I) and remained open for approximately 
0.4 seconds before the rest of the system was triggered. 
The iris essentially limited the conductance of gas from 
region 2 to region 1 following valve opening. With a Gran- 


ville-Philips capacitance manometer, the measured pressure 
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ratdowaectross them iris wassat least a factors oft ry.eus, 


dependent on the iris size (see Fig. 10). With this 
arrangement, breakdown initiated at the iris propagated 
(forward) into region 2 along the solenoid axis and underdense 


plasma was created. 


@meOverat Operation Procedures 

(i) systems and tanks evacuated 

(ii) electromagnetic valve closed 

(Lipjisystem packiil Vedewath gas at Low pressure as desired 
(Ay) system tinime, triseger would (trigger wa one-shot mono 
Staple mulcbiviboeton, GAppendix) 1) to open the electromagnetic 
Valve: thesdelayecdemualtiviprator output would trigeer the 
remaining system (see section under "Timing Sequence and 


Synchronization: in this Chapter). 


Ba lhe Magnet re st teld 


Cl yeephysicaleStructure (Fig. 11) 
The five turn helical solenoid used had a 4 em diameter 


bore and was 17 cm long machined from solid brass. The high 
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voltage end of" the coil™was trigeered™ by a’ thyrartron pul— 
Scene. Lne pround@ end Of thewcoil) wasra coaxial’ cane 
Parallel-—plate transmission lines were used to connect 
the capacitor bank. The system was designed to minimize 


inductance 2nethe contiguration apart from the coil a2tseettL. 


(owe electrical 
Energy stored in the capacitor bank was transformed 
to magnetic energy in the coil whenever the spark gap was 
triggered. The breakdown voltage of the spark gap could 
be as high as 20 KV depending on the separation of the main 


spark gap electrodes. The maximum energy stored was 


key? x8 7x10 °x(20x107) 7 


17.4 K Joules 


(3) B Field Analysis 
Gi) Models) “The overall circuit behaviour was essentially 


an L-C-R discharge giving a damped sinusoidal current: 
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Provided $B is small (i.e. R is very small which was the 


Cace) ig ite edischares Cireultry ) a tees US From the 


0) 
photo in Fig. 12,8 could be found from the envelope 
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0 
e Ora thewdampedmcurrent, syieldine 9p =) 0.067 and Wo 
ceould@be Foundeirom the period iof “oscillation t=26 jisec. 
oly ing UW. += 2.3107 eoomon 


0 
(ii) Measuring Method 
The field was measured using a search coil of 1.85 en 
diameter having a resistance of 500. The Ziax (cutting ithe 
COL auncucedwanme su. t sciyen Dve Maraday Ss) Gaw. tee. 
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BAW ,cosw jt. 


I 


Duemto SOV mmatching, the amplitude "of EV measured should in— 


cludewa factor Gf 2, and assuming 0 4=WQ- 
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The results are summarized in Table Il. 
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Table II Magnetic Field Calculations and Measurements 


BoP Laser ePower Attenuator 

An attenuator cell was placed in the optical path 
(hie eo) (bCO™Vany inetdent, power to the plasma cells “This 
type of cell was used by Offenberger et aa as a high 


powers GOP = laser veneroy detector. Basically the cell had 
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NaCimwindowsenltwed On each vend Containing a4 Lew lorr Of 


propylene (C He) with helium buffer gas at a total pressure 
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power could be conventently adjusted, in» practice, the 
actual transmission was measured using infrared detectors 
and calorimeters as conditions Were Varied. Propylene 
partial pressures of 0-20 Torr were used in the present 


experiment. 


BE6 Optics and Red-Shift Measurement 


The optics along the backscattered collection path 
included monochromator, Fabry-Perot interferometer, filters 
and aetectOn-..) As mmentdoned > alignment of optics in thas path 
wasmenecked a requentiy towassure Stability of the system an 
view of floor vibration due to mechanical pumps and tempera- 
ture dependent behaviour of the Fabry-Perot interferometer. 
With the alignment lasers, the overall optical system gave 


very reproducible results. 


(1) Monochromator 

Backscattered=Jicht collected from the beam splitter 
was focussed with a 45.7 cm focal length mirror onto the 
entrance sil teaot la hal: meber monegchromavon tor (pre— 
Cue Sp Gris 1.0 tik. The output was recollimated with a NaCl lens 
fonvhighe resolution spectral analysis in a Fabry-Peror 
interferometer and subsequently detected with a variety of 
doped Ge detectors. 

Monochromator characteristics are summarized in Table 
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Grating 2 Echelle 


Crating. Area 85 mmx76 mm 


Number of ruled lines per mm ae 


Resolvine Power in finst order 76x75 = 5700 
Gratings blazged for 8 wu 

3 
Dispersion of monochromator at exit | 270 A/mm 


Focal length . 45.7 cm 


ea Dees L Monochromator Characteristics 


(2) Fabry-Perot Interferometer 

While the monochromator had a dispersion of 270 an 
the high finesse piezoelectric-scanning interferometer pro- 
vided resolution of a few angstroms, thus enabling highly 
resolved scattered spectra to be measured. 

The interferometer is a two mirror resonant cavity 
WLED, ONeGCeMirrOr, bLixed, and tthe ‘other one prezoelectrically 
moved by an adjustable high voltage which could be scanned 
manually or ramped repetitively. The movable mirror was 
mountedwonwavdove-tailed rarl. ~Mirror parallelism could 
be attained by horizontal and vertical adjustment of two 
micrometers. 

Interferometer characteristics were markedly influ- 
enced by the ever-changing ambient temperature producing 
a drift in wavelength. ToOumtnimise thisachange,. thevinter— 
ferometer was placed in a well-insulated styrofoam box. 


Alignment was checked frequently and adjusted as necessary 
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Pace, 14 Spectral Resolution of F.P.1. 


(see step "d" in alignment procedure). 
(i) Alignment Procedure 

The alignment procedure for the Fabry-Perot interfero- 
GCS peat ive ated |i nee hore Lo), 

a) Withe switchs shown in “calibrate | positron. the 
movable germanium mirror was brought to a distance of 1 mm 
PRLOmet Menta sb mir ror. 


b) ALtenuated ehopped-CW CO” Vaser radiation (laser 


iz 
PIN ewWita cies 0 az. A) was let through. Micrometers were ad- 
Justed= to attain the highest resolution (Fig. 14 Vilustrated 
Bareso we Lone of 14,9 Ae 

c) Ramp Output; horizontal gain and horizontal, posi— 
tion otPoscilloscope (Tektronix 556) were adjusted such that 


° ° 


a range of wavelength shift of -—40 A to +140 A would be 
covered with the reference wavelength to 0 re 

d) Frequently, the alignment was checked. if the 
péak transmitted laser signal reference drifted from the no-—- 
shift-position (0 ine the magnitude of drift was recorded 
to correct measured shift and laser signal was brought back 


to no-shift-position by adjustment of the horizontal posi- 


tion knob. 


Guyana lysiseoretne- Plezoelcctriesscanning (Fore. 

Knowing the separation of mirrors d = 1 mm and the scan 
range of ramp AV = 1,600V, we can calculate the wavelength 
Variation with applied voltage. Now the reinforcement of 
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9dcos 6 = mA where m-= order of interference 
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or for normal incidence 


2d = mA (i) 


InGe tree spectral’ range, isc. the wavelength intervals ino 


given order when the fringe of the same wavelength in the 
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Next Hhigner order is reached, is 
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For this particular piezoelectric stack, the linear exten- 
Sion 26 4.4 1 in 1,600 °V, or the sensitivity of the ramp at— 
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ponds to 0.29 A change in wavelength. 
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(3) Red-shift Measurements 


After aligning the horizontal time base of the oscillo- 
scope to cover a spectrum of -40 A mel nly ye) A with no-shift- 
position at 0 hy the ower limit of the) ramp was, adjustedsite 
select, aparticular We shittm dicpolay betore, the Laser was 
fired. With a digital voltmeter to monitor the attenuated 
pamp tol the horizontal Anput of the oscilloscope and the 
beam spot moved to varying wavelength shift positions, the 
spectrum could be scanned very accurately. Of course, the 
eConrection on AA due to -tenperaturer drictt of FAPeI4 shad» to 
be checked regularly. Laser backscattered signals were 


observed and recorded several times for each AA value. 


(4) Filtering and Attenuation 

Various narrow band filters were used to provide wave- 
length discrimination at 10.6 pw and also other wavelengths 
in a search for Raman scattering. In addition, series con- 
binations could be used to determine relative amplitudes. 

It was also necessary to employ mylar attenuators to 
reduce the observed scattered signal to levels where the 
detectors would respond linearly. These were calibrated 


using CW co, Valset rad iat Lon’. 


5./)) Detectors 

Several cooled infrared detectors were used in this 
experiment. The following table gives a comparison OL eau 
three which had been used. (Data shown with a 502 termina- 


tion). 
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Photon-Ssensing Temperature SeONSLELVILEY Response 
ehap cooled to ae 10.6 Time 


Liquid helium 500 V/watt 100 nsec 


Liquid helium 30 V/wate nsec 


Liquid nitrogen 2 Ory | Waee 1 nsec 


We Ile IL Characteristics of Different Detectors 


The gold-doped detector was used chiefly for pulse 
monitoring because of its high speed, low sensitivity 
characteristics. The higher sensitivity of the mercury- 
doped detector was used for spectral runs. Painally. the 
copper-doped detector was used to areneae both adequate 


speed and sensitivity for many measurements. 


3.8 High Speed Photography 


Laser induced gas breakdown hydrodynamics were studied 
using a TRW image converter camera with high speed streak 
plug-in units. / The plug-in unit used was a Model 7B which 
hes SbLeakeawELtine times or i505 100, 2008nsec ingas tive 
centimeter streak. Again, camera triggering was synchron- 
EredetcomLolhowetne evolution of plasma. Longitudinal streak 
PROCOsHWwereetaken, CO ensure isis function (and) to determine 


plasma column length. 


3.9 Firing Sequence And Synchronization 


The electromagnetic valve opening with subsequent gas 
pumping was activated prior to all other events. Following 


Piis, ssyuchronized firing of =the puise CO, laser, streak 
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camera and the capacitor bank discharge through the magnetic 
field coil was initiated. The trigger commander box 
(Appendix I), ioe triggered, opened the electromagnetic 
valve long enough (~ 0.4 sec) for gas to be evacuated into 
thevvacuum tank... After this delay, 49.5, V trigser pulse from 
the box was used to trigger two Tektronix 556 oscilloscopes. 
The undelayed and delayed gates of the oscilloscopes were 
utilized to trigger laser, magnetic field and streak camera 
Circuits. Ine overall firine "sequence and syncnronization 
avemskercheds in fip. 15. Synchronization, of taser, streak 
camera and peak magnetic field were monitored on every 


shot and showed excellent reproducibility. 
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CHAPTER IV 
RESULTS 


Data for the temporal and spectral characteristics of 
the backscattered signal will be present edvani ane Cee ene 
following sections. Comparison with both analytic and numeriéal: 
integration of the growth rate as theoretically derived by 
Tsytovich will be made. Good agreement is found between theory 


and experiment. 


4.1 Pulse-Shape 


(1) Laser Pulse Shape 

Laser pulse shapes as obtained with the copper doped 

germanium detector cooled to 4°K are as shown in Fig. 16. 
Time bases for illustrating temporal characteristics are 
100 nsec and 200 nsec. The initial pulse has a FWHM of 

40 nsec with peak power of = 1 Gigawatt and the lower power 
tail lasts for approximately l usec. 

Fig. 16(b) and (d) were taken with gas backfill and 
consequently laser induced breakdown creating a plasma column. 
From these photos, laser transmission decreases due to absorption 
of energy by the plasma created gas breakdown. Breakdown 
without magnetic field occurs’ at roughly two-thirds of the’ 
peak power. Laser plasma interaction begins at this time and 
Stimulated backscattering builds up as a temporal folding of 


laser intensity and plasma column length. 
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(2) Backscattered Signal Pulse Shape 

Backscattered light was collected by the optical system 
outlined in last Chapter. To optimize sensitivity and speed 
of. detection of the backscattered light, different detectors 
of suitable BP epasiics fad response were used. Illustrative 
pulse shapes obtained with the copper-doped detector and 
displayed on a Tektronix 7904 oscilloscope are as shown in 
al thal 

The major temporal characteristics of these backscattered 
signals are as follows: (i) They are prompt signals with 
very small delay measured between plasma creation and back- 
scattered signal peak and average over a large number of shots 
are around 15 to 25 nanoseconds. This represents the time 
necessary for an adequate plasma length to be formed to 
generate a sufficient number of nonlinear wave e-foldings. 
(ii) The three photos shown here are only a few out of many 
hundred shots. They reveal the extreme cases of how the 
backscattered signal shape can vary from shot to shot. The 
randomness of these pulse shapes is governed by laser output, 
gas-plasma evolution and nonlinear interaction. Hence the 
risetime and amplitude is bound to change depending on the 
slight difference in time history of these factors from shot 
to shot. Moreover, the appearance and disappearance of back- 
scatter is attributed to build-up and decay of ion waves. 
However, the more usual case was that of single backscattered 
pulses and the data used for spectral analysis was taken 


from these shots. (iii) Though the pulse shape seldom 
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Figs ks Streak Photos of Laser Induced Breakdown in 


15 Torr Hydrogen and Helium Plasma Column 
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reproduce identically, they show S00d Sitenal 0 norsee tat to 
which completely dominates stray light. To achieve this 
situation it was necessary to enclose the optical path with 
biack cloth to eliminate ‘Stray Might. Only at the Yowest 
levels of backscattered light in spectral, runs was it necessary 
torsubtract out any Stray light backeround. ine short, tie 
stimulated backscattering power considerably exceeded the noise 
evel a enattonor, 400) lewac stouncean practice. 

To) prevent saturation of the detector which may obscure 

, 

the time Signal, mylar sheets of calibrated attenuation 
were used at the entrance to the monochromator. The combined 
rise tame of the Ge:Cu detector, preamplifier and oscilloscope 
displays are approximately 2.3 nsec for the /904 oscilloscope 


and approximately 7 nsec for the 556 Tektronix. 


io eAstalmotreak Photos 

The streak photos shown in Fig. 18 were taken using a 
200 msec streak pluc-in unit with “a TRW streak camera. 
Fapemlocajeadilustrates thestime and Space =@protilesot the l> 
Torr hydrogen plasma column formation along the optical axis. 
Fie. b8i(b)) shows the same information i20r the 15° Torr helium 
plasma column formation. 

With reference to these photos, it can be seen that 
in the first two hundred nanoseconds, due to the presence of 
Ehe 4.5 mmeidiameter aluminum inisc placed at the focus. there 
exists only one breakdown front travelling in the same direction 


Aemthiesincomine laser (from right toe Lektton paper). Lhnds 
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shows nicely the purpose of the iris in fast evacuation of 
eas in the front end before laser firing (So iLhateno. absorpt Lon 
of laser power occurs anead =O. tien ar is, 

Notice that the wavefront of the breakdown travels at 
ap constant Speed during this time and as 2x10 cm/sec for 
the hydrogen case and 9x10° enjsec for the helium plasma. 
For 18 Torr hydrogen the breakdown speed is 2.2x10/ cm/sec. 
With this information and taking an average time of 20 nsec 
LOmtnMe peak wot the backscattered) sienal tollowine gas breac— 
down, the plasma length can be determined as 4.4 mm long for 


byarocen @t 15 -lorr. 
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Spectrally resolved backscattered power averaged over 
many shots and further averaged over a 10A spectral window 
(the resolution of the Fabry-Perot interferometer was ans 
can, berused to calculate the ion wave characteristics.) Fig. 
LOe shows the shitt of backscattered saenal away wtrom the Laser 
Mine Cwhich 1s at OA) for no Magnetic field and Fie. 20 shows 
tPnewsiittetor a LOO KGauss axial magnetic tield. Note that 
only positive wavelength shifts were observed. Scans to 


negative wavelengths with a 100 increased sensitivity showed 


no backscattered radiation. 


Analysis 


Now the dispersion relation for ion acoustic waves is 


given by equation (16) in Chapter Listas 
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DE Ter ee ang (16) 


where W,=Lon acoustic frequency, experimentally measured as 


iis” Cialsigene s k,=ion wave number=Zk- from equation (2) ror back— 


") 


Searten, vV,=¥XT,/m, > cor ee ae yelocity of sthe Lon 


NoL 
wave, c.= =ion sound speed. To lowest order w,=k.c 
ms Tar es 
which gives an estimate for T: Lhen wusineesratios for Wal ee 
a 


2 : 4 
taken from hydrodynamic calculations oy a better estimate 


for T, can be obtained from equation (16) above. 


(1) Zero Magnetic Field Case 

The peak of the red-shitt tor hydregen occurs at 

Sa : es = 
AX\=65A+5A which corresponds to W-=1.09x10 sec ie Since 
k =11855 ey the phase velocity V g=9*10° em/sec, from which 
the procedure outlined above gives Te noe V and T,=ilev. This 
assumes a temperature ratio of 4. 

ijnevdentallys li wone wtekves Sirese values sion aes and T5> 
Ehewcorresponding x value “or Hig. 22 °is x=1>95o which, is 


eonsistent with the spectral shift being a maximum for x=2 


foOueamtenperature 1 aeLo Dae: 


(2) Non-Zero Magnetic Field Case 
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Thempeaky oe the red shtit for hydrogen in this case occurs 


° ° 
at AA=72A+5A. Following the same procedure, but now taking 
a temperature ratio of 8 to be consistent with hydrodynamic 


results the corresponding values are eyo cm/sec, 
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T =74eV and T.=9eV¥. 
e of 


With SS ASISIN ES to Figs -22.0the experimental value x=2-4 
Lox LN a agrees well with curve "g" for which a ratio 
ee es 0 corresponds to a peak at x=2.4, thus again showing 
consistency between experiment and theory. 


These results are summarized in Table V below: 


Labie V-. Summarized Redshift of Hydrogen 


The one rather surprising feature of the spectrum for 
the magnetized plasma case is the much broader width and lower 
amplitude. This is unexpected since for higher nh ae, Patio 
less Landau damping should occur with a consequently narrower 
Width. 9 No explanation ican be -eiven atl this tine tor the clearly 
wider spectrum observed but possibilities include: (i) reduced 
ion wave amplitude by virtue of higher thermal energy, 


(ii) increased turbulence and (iii) nonlinear damping. 


(3) Case with Helium Plasma (B=0) 

The purpose of using helium in lieu of hydrogen is to 
confirm the ion-acoustic frequency dependence on mass, i.e. 
w Ara (m2 The result is not plotted here but shows a 


similar spectral profile to hydrogen except the wavelength 
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° . ° ° 
Shift AA found for this case is 30A+5A. Taking into account 
the slightly different Ts for helium, this  shitt shows the 


expected reduction, i.e; ym, /n,, = 2.5 [nas contarmoetiemion 
e 


acoustic mode as responsible for the stimulated backscatter. 


A tee ReEVGGEIiVvity Of ePlacma 


As mentioned, the backscattered power was determined 
fromadetectorn signal amplitudes. e'The measured) signals area 
function of beam attenuation and risetime of the detector 
systems. The optical path, exclusive of Fabry-Perot, namely 
two beam-splitters, mirrors and monochromator was found in 
calibration ‘to have a combined transmission ofsl12..51W0 
different sensitive detectors were used in the measurements 


and the power reflectivity factors are tabulated below. 


Detector 


Response Slow 100 nsec Fast 2 nsec 
Response Compensation 20 UL 


Sensitivity | 500 V/watt 30V/watt 


5 5 
Attenuation Added (20) (20) 


Amplification by 32 2. 
Pre-amplifier 


Path Transmission | 12 ily 


Signal detected 3 volts Se volts 


5 5 
S502 Ox 0 SOC. 0) me ee 
Power Reflected ake Oe arent meye. tet EY S| 


. il 
500X327 96 30*32*7 99 


Table VI Reflectivity of Plasma Measurement 
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Since the maximum of the backscattering occurs somewhat after 


the peak OL the initial laser pulse, we can assume the average 


incident power to be =5S0O0MW. [herverore  tieepereasntage power 
Crebec ca vet a i i meee A= , 
i ctivity of the plasma is approximately SOOMW  LO0%=0- 2% 


i.e. only 0.2% of the input laser power was observed in back-— 
scatter. As we shall see, no apparent saturation of back— 

rs : pene: x ee LL Z 
S@€atter (Signal wlth dacident Gntensities up) to LO ewatts/ cm 


was observed. 


“15 Experimental Backscatter Growth Rate yi 


With 18 Torr of hydrogen backfill and incident laser 
power controlled by a propylene-helium absorption cell, the 
measured backscatter power is plotted as function of incident 
power in Fig. Zl. Data points, alone with errorm bars are 
average signals obtained from many shots. Incident power 
was determined by measuring cell transmission after propylene 
pressure changes. 

From Fig.//21, obviously the backscattered power increases 
exponentially as incident laser power increases. The slope 
Ofmthe wiine in Fue. 21 determines the exponential e¢rowth erate 
Gf the backscattered light as a fumetion of incident Laser 
anbensi ty. From equation (14a) with e—-Leoldings defined as 
Y=Yql> it leads to 
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where. I) is the full laser intensity and a, 8 are transmission 


coefficients of the absorption cell, N. and N. can be read 


2 i 
off from the ordinates of Fig. 21. Hence 
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substituting two data points in the above expression, 
eee EON cg 
0.4 


with Ip known to Beto warts ence the e-foldings become 


Yolot = 8.7 
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Equivalently, the scale length for growth of scattering is 


0.44 cm 
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wavelengths. 


=).05 em whieh its approxamately equal to 50 Laser 


If on the other hand, the experimental growth rate were 
interpreted directly in terms of finite length, coherent wave 
theory, then since the backscattered wave amplitude grows 
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where Py is noise level. 


Experiment gives 8.7 e-foldings as ieosnl0as Beers 


whereby 


Leen EG pele (3x107° 3 
2(0.44) 


=e 
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This is a factor of 6 lower than the value interpreted 
from random phase theory which is somewhat surprising, inas- 
much as a larger value might intuitively be expected. 


We now turn to theoretical calculations of these values. 


4.6 Computer Solution to Tsytovich's Prediction of y 


We have determined an experimental value for the growth 


rate of stimulated Brillouin scattering y=5.93x10°2 seers 


which can be compared with the theoretical value. This requires 
integration of Equation, (14) after appropriate substituting 
for the laser spectral intensity in Nees . 


Now electron and ion permittivities are given by 
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(1) Gaussian Laser Spectrum 
(eis) ice evaluation via numerical integration 
Assuming a Gaussian spectrum of width £' (experiment-— 


ally known), then 
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iibcegration cannot be done analytically sand resort ts 


numerical methods is necessary. 
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With an experimental value 
for £'7=452 and taking eae es and “a'' "as parameters = 
Lheeincvesration for Ye as a function of Ak was done by 
computer. The integration was performed with x taken from 

1 to 4 using a incremental steps Ax=0.1. (See Appendix IL) 

The range of Ak was scanned from 2.5 on EOu.O > an at 
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0205 cm POEL als eto Ob tad near ao ot Y, versus Ak with 
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aa -D,/I, sand la is) parameters. 


(ii) Discussion 
ADL these \raphs turned out \tovhavesmultipeacs..4-e- 

the growth rate varied considerably over a small range of 
MineeelLOS1S not realistic “and ts @ikely duestouthne stinite 
Ax values for F(x); the program had real trouble taking more 
integration steps. The curve should be a.smooth one (which 
Will be seen ini the next section using a delta laser spectrum; 
numerical integration with a narrow gaussian should give a 
Similareresult to lanalytic iInteeration with -a.deltastunction). 

However, the wavenumber shift at which the highest peak 
occurs showed good agreement with experimental shift. The 
case with B°=T/T,=4 and T.=l2ev, Leen a=0s> 20 lthese condieLons 
correspond to the zero magnetic field case of section 4.3) 
gives the highest peak from the numerical integration at 
Ak=3.65 ee The equivalent wavelength Sheitceees 65A which is 
in complete agreement with experiment. 

For the other case when oa eee and TOE, ee 
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case), the highest peak occurs at Ak=4.25 aoe or WR. 
in good agreement with the experimental value of 72A. 

In) view of (the numerical uncertainties plus) thes face 
thatthe Vaser spectral width is smal) compared towthe 
observed shifts, it is simpler to assume a monochromatic bean 
Whveh permits analytical integration. 

(2) Delta Function Laser Spectrum 
Ga5) Vee Evaluation via Analytical Method 
If one therefore takes the spectrum of the incident 


waves to be essentially monochromatic, in the random phase 


approximation the photon density can be written as 
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which can be integrated to give 
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equation (LG). 
xT, (x) 
Valwes ol —————— were calculatediiby an APL] computes, 
T 
program (Appendix LL) with x ranging from 0 to 3. C0yat 0-2 
intervals for varying 8 values, Bae ete - Results are shown 
eijsh iyi ieee Ceaann As $8 increases, linear Landau damping decreases 
and a sharper ion wave resonance results. Evidently damping 
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for our experimental conditions. 
This calculated value and the experimental one of 
eh: oat 
Deo SLO sec show good agreement. Moreover, the value of x, 


or equivalently wavelength shift, where y is maximum shows 


excellent agreement with experiment as discussed earlier. 


4.7 Threshold Condition and Growth Rate Based on Wave-Concept 
Gee theeshold Condit von 

Before the threshold and growth rate conditions Shown) in 
section 2.1(2)-c are discussed with respect to this experiment, 
the two damping mechanisms which may inhibit backscatter should 
be examined. 

It was mentioned before that both collisions ana Landau 
damping can prevent stimulated backscattering. With plasma 
17. =} 


density = 4x10 Mga Ges £nh=10 the electron ion 


collision frequency is 
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From wave theory Yo is given by Equation (6) 
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Whiveh Sis within, “a factor of two of the experimental value. 
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of growth for a finite length plasma which varies exponentially 


woe in 


shows the same parametric dependence on density, intensity, 
wavelength and plasma length as does the random phase predic-— 
£cion.  Lhus experimentally only magnitudes could possibly 

be used to distinguish between these interpretations. For 
our experimental conditions it would seem that Tsytovich's 


theory provides closer agreement. 
(3) e-foldings 
Since the plasma column is of finite length. sequatd on 
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4250 Pressure Dependence 


With laser power unattenuated and hydrogen backfilled 
from 4 to 20 torr, the backscattered power as a function of 
hydrogen pressure was measured and is shown in Fa 2 2 oe The 
backscattered power is clearly varying exponentially, though 
the slope of the Jine is approximately 207 less than that 
ign hve. 2 This is within the uncertainty in slope deter— 
MiLnatLon, Of Fie. 21 Capproximately 307) “and, somecannot. be 
considered significant. 

ints result, can) be interpreted 42S 4 varying 20Leraction 
length effect. Since the plasma rapidly expands radially, 
the density quickly reaches an asymptotic value at about 10 nsec 
and for times greater than 20 nsec it can be regarded as 
constant. On the other hand, streak photos obtained for 
different hydrogen pressures show a linear relationship 
between axial jbreakdown velocity and pressure. | For pressures 
P=5 lO 15710 .20 Longra the corresponding breakdowns velocities 
are Ah a PAD, eae em/sec. Thus, since f=vt, 
for a fixed time 2«<P and one can conclude the growth in back- 
scattering should show an exponential variation with pressure 


as is observed. 
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CHAPTER V 
DISCUSSION 


Stimulated Brillouin backscattering has been observed 
in both underdense hydrogen and heliun plasma. Clearly 
resolved spectral shifts were observed from non-magnetically 
confined plasma and magnetically confined plasma pe ratecine 
backscattering from plasma with different T/T, rFariose 
self-consistent results are found for electron and ion 
temperatures which agree with hydrodynamic predictions and 
the theeretical prédiections of ion—-acoustic wave Scattering 
from random phase waves. Experimentally Y;, was found to be 
Bis Sele) : ccm thecrerteally Gut iwas calculated) tow pe 
oan sae >) The intensity dependence of the backscattered 
power also agreed with random phase predictions. 

The measured redshift for B=0 was 65 A and the spectrum 
had a FWHM of 1A while for B=11L0 °K Gauss, the 20m acoustxuec 
Shift was 7/2 A and FWHM. 35 lye This broader width is an un= 
expected result. “According to the theoxny, (the Linewidth 
narrows as Sa increases, because for a higher T/T, 
Bato. plLinear Landau damping decreases Possibpi Uviwrese Lor 
increased spectral broadening in the magnetically confined 
case may be due to (i) increased turbulence in plasma during 
laser plasma interaction (ii) nonlinear Landau damping and 
(iii) reduced ion-acoustic wave amplitude due to higher 


thermal energy content. This'‘is only conjecture and the 


Erucephycics: to account for such broadening requires 
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further experiment. Observation of the ion-acoustic shift 
and broadening for higher intensity laser radiation as well 
as saturation of backscattered power would be useful. 

This experiment shows that for the described laboratory con- 
ditizens, only 0°27 of “power is backscattered. 

Threshold conditions are found to be easily exceeded a 
this experiment. Detailed discussion for the magnetic field 
case was presented; similar results hold true for the non- 
magnetically confined plasma. 

The spectral shift of 30 a from helium plasma showed 
the inverse square root relationship of mass of ion with 
wavelength shift, thus confirming the presence of ion- 
acoustic waves as responsible for stimulated Brillouin 


backscattering. 
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APPENDIX iL 


COMPUTER PROGRAMS 


The APL (A Programming Language) programs used to 


evaluate in are deseribed below. 


(1) Using Gaussian Laser Spectrum 


Aim: Gu) "A function “CRIM was designed tov evaluate num= 


ervoally, for a particular Ak = k—-k 


p12 Xi ar 72 
9 L [tAk] 


4 ga 
p= | dG MECU Teeene Be 


1 a[i+B°F(x) |* 


for finite “ar “and Tae 


(17) Assuming arnay Ak DCL) Ns (2s ects ee (ND 


D1) G2) eemence DCN) 


es) 
Le § 
RK 
© 
<q 
=) 
II 


Duo tseam eplotcelnVse\k 


impute wacuay % = “string of x (U>l ointervaletrom ) to aoe 


eon a 0. Gzero) 


ReGZ), im(Z) valuescorresponding to each 


array Z 
x, trom “Plasma Dispersion, Punction 
Rabie ve (Ret. s047)) 


Flowchart: Function [Y GRTH Z] 
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ito Gea) tel tity fos 2 
js uree YY" poe 


= oP 1 


eae 
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Numerically integrate 


DCL) ie = dx 


_ No Mies 


Sak 
Oy ie 
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